Summary: Improvements in HIV antiretroviral therapy (ART) have been accompanied by increasing recognition of the importance of adherence to treatment regimens for maximizing patient benefits while minimizing the emergence of drug-resistant virus. Whether clinicians should screen patients for adherence and only administer therapy to those believed likely to adhere has not been resolved. We first examine the implications of data drawn from a recent study reporting physicians' ability to predict whether patients will adhere to highly active antiretroviral therapy (HAART) or not. We then extend previously developed mathematical models of ART to include screening for adherence and focus on resulting drug resistance as well as on HIV and AIDS incidence at the population level. We show that although screening for adherence is likely to reduce the level of drug resistance compared with a policy of treating all HIV patients with HAART, rates of new HIV infections and AIDS cases in the population would likely increase unless screening accuracy is extremely (perhaps implausibly) high. Key Words: Adherence-HAART-Drug resistance-AIDS incidenceMathematical model.
HIV antiretroviral drug therapy (ART) has improved dramatically over the past 10 years. Notably, recent advances in HIV therapeutics have significantly increased disease-free survival time for many infected patients. Highly active antiretroviral therapy (HAART), a combination of three or more ARTs, has proven successful at suppressing HIV viral replication and encouraging immune response in treated patients (1) . Recent studies have reported the emergence of drug-resistant strains of HIV associated with the widespread use of these antiretroviral drugs, however (2, 3) . Nonadherence to HAART has been identified as a major factor associated with drug resistance and therapeutic failure (4) (5) (6) (7) (8) . With the growing presence of primary and acquired drug-resistant HIV in the United States and other resource-rich countries where HAART has become the standard of care, clinicians have become increasingly concerned that nonadherence might lead to levels of drug-resistant HIV with clinical and public health consequences.
Recent articles have examined the effects of ART on the spread of HIV and the development of drug-resistant HIV strains (9, 10) as well as the role of adherence in reducing the incidence and prevalence of drug resistance among HIV cases (6, 7, 9) . Although these papers were successful in characterizing the association between access to ART, patients' adherence to therapy, and the emergence of drug resistance, they did not discuss the important role of clinicians as decision makers faced with the responsibility of prescribing HAART to patients seeking treatment for HIV. In an effort to prevent the emergence of drug-resistant HIV, clinicians have been encouraged to screen patients for adherence before prescribing HAART and to offer the most potent therapy only to those patients deemed ready to adhere to the prescribed regimen (11, 12) . It is argued that screening for adherence benefits the individual patient and successfully decreases the incidence and prevalence of drugresistant HIV, thereby ensuring the therapeutic effectiveness of HAART for future generations of HIV patients. The extreme version of this proposed screening policy has recently been characterized as "to treat or not to treat" current seropositive patients (13) , reflecting the tension between clinicians' medical commitment to treat current HIV patients and the strategic desire to preserve the "treatability" of future generations of HIV patients by maintaining a low level of drug-resistant HIV in the population. A more reasonable and currently recommended policy advocates that HAART be delayed until prospective patients are able and ready to adhere to the treatment regimen; such "treat or wait" decisions would be made on the basis of screening HIV patients for adherence.
What has not been studied, however, are the public health consequences of screening for adherence. Physicians faced with the task of prospectively determining which patients are more or less likely to adhere to HAART have yet to develop systematic procedures for making such judgments and thus inadvertently but inevitably commit screening errors. It is the intent of this article to call attention to the public health consequences of such errors. Providing HAART to nonadherent patients leads to an increase in the likelihood of developing drug resistance and a reduction in clinical benefit from what would be expected for an adherent patient. Withholding HAART, even temporarily, from patients who would adhere to HAART implies that viral replication would continue unchecked in such patients. Also, to the extent that HIV transmission to others depends on viral load, secondary transmission of HIV becomes more likely if HAART is withheld (10, 14) . Given such screening errors, it is conceivable that screening for adherence might simultaneously deliver individual patient benefits while worsening HIV and AIDS incidence at the population level.
This article presents a model to examine the epidemiologic implications of screening HIV patients for adherence to HAART. We first consider data on the precision of physician screening for adherence reported recently by Paterson et al. (15) . These data suggest that for those patients studied, clinicians' judgments regarding whether patients would adhere to HAART or not were statistically independent of whether patients actually adhered. We then join an epidemic model of the transmission dynamics of HIV with a probabilistic model that accounts for the frequency and accuracy with which physicians screen patients for adherence. Our model of screening is akin to a diagnostic test where clinicians judge patients as adherent or not with characteristic degrees of accuracy as implied by test sensitivity and specificity. For simplicity, screening sensitivity and specificity are always equal in this model (although they need not be in general). We refer to this common screening sensitivity/specificity as "screening accuracy" and consider the implications of differential screening accuracy on the spread of resistant virus as well as on the overall incidence of HIV and AIDS in the population. The model suggests that as a function of the true level of adherence in the patient population and screening accuracy, screening for adherence may not always be beneficial. In particular, we show that the screening accuracy required to justify screening for adherence not only depends on the level of adherence in the population of HAART users but also depends crucially on whether one considers the reduction of drug resistance, HIV incidence, or AIDS incidence as the desired policy goal.
SCREENING FOR ADHERENCE: EMPIRICAL OBSERVATIONS
Paterson et al. (15) reported the differential outcomes for HAART patients with different levels of adherence as measured by the Medication Events Monitoring System (MEMS). They also asked physicians to predict whether individual patients would adhere or not before the MEMS results were known, where "adherence" was operationalized as taking at least 80% of the prescribed dose of medication. With respect to physician screening accuracy, Paterson et al. (15) reported the following three statistics:
• Of those patients whom physicians predicted would fail to adhere, 51% in fact did adhere (page 26).
• 41% of all patients were misclassified by physicians (pages 26 and 28).
• 28% of all patients were judged to adhere but in fact did not take at least 80% of the prescribed dose (referred to as "overestimation of adherence" on page 28).
Again, interpreting adherence as meeting an 80% cutoff as measured by MEMS, these statistics imply that:
• 47% of all patients both adhered and were predicted to adhere.
• 28% of all patients did not adhere but were predicted to adhere.
• 13% of all patients adhered but were predicted to not adhere.
• 12% of all patients did not adhere and were predicted to not adhere.
Because 60% (47% + 13%) of all patients adhered, the observed fraction of adherent patients correctly classified by physicians, which can be thought of as the "sensitiv-ity" of screening for adherence, is equal to 78% (47%/ 60%). The observed fraction of nonadherent patients correctly classified by physicians, which can be thought of as the "specificity" of screening for adherence, was only equal to 30% (12%/40%), however. Thus, although physicians correctly identified 78% of adherent patients, physicians also predicted that 70% of nonadherent patients would have adhered to HAART. Given that these data were derived from 81 patients, there is no statistical difference between the fraction of adherent patients predicted to be adherent (78%) and the fraction of nonadherent patients predicted to be adherent (70%) (z ‫ס‬ 0.88; p ‫ס‬ .38). Physicians' predictions of adherence were thus statistically independent of the actual adherence of patients. Note also that although physicians predicted that about 75% of all patients would adhere (at the 80% MEMS cutoff), the data reveal that only 60% of patients actually did so. This is a troubling result, for it suggests that using whatever procedures were employed to predict patient adherence in the study of Paterson et al. (15) , physicians' predictions were noninformative. If it is generally the case that the results of physicians' judgments and patient adherence status are independent, a policy that supports providing HAART to only those patients who physicians believe will adhere is equivalent to a policy that provides HAART to randomly selected patients. For example, from the study of Paterson et al. (15) , where physicians predicted that about 75% of all patients would adhere to medications, a "treat if believed adherent" policy would result in only 75% of patients receiving treatment, even though those denied treatment would be just as likely to adhere as those treated with HAART.
If physicians are not able to discriminate between adherent and nonadherent patients with a reasonable degree of accuracy a priori, there is little reason not to treat all patients so long as the potential benefits of HAART outweigh the risks of developing drug resistance. The greater the overall level of adherence in the patient population, the more likely the overall benefits are to out- (15), however, we believe that many physicians can differentiate between patients who are or are not likely to adhere to HAART (or could learn to do so with appropriate training). The more relevant questions then become:
• What are the public health consequences of informative approaches to screening patients for adherence to HAART? • How accurate must physicians' judgments be for a 'treat if believed adherent' policy to improve public health outcomes?
MODEL DESCRIPTION
To help address these questions, we developed an epidemic model representative of a population of gay men as in the recent work of Blower et al. (10) . The model flow and parameters are defined in Figure 1 , and the equations of the model appear in the appendix. The model divides the population into HIV-susceptible and HIV-infected persons. Susceptible individuals enter the population at a constant rate, while new HIV infections occur with incidence rates that are proportional to the annual number of new sexual partners and transmission probabilities, which depend on whether the infecting virus is sensitive or resistant to HAART. Infected patients are described in terms of their strain of infection (sensitive or resistant to HAART), their treatment status (infected but undetected and hence untreated; infected and detected but currently untreated; or infected, detected, and receiving HAART), and their "true" adherence dichotomized as adherent or nonadherent (reflecting whether the patient would truly adhere if treated with HAART). Patients who are infected and detected but not receiving treatment are said to be in a "holding state." The holding state can serve either as an interim state between seroconversion and initiation of HAART (allowing for physician evaluation to determine which regimen is appropriate) or as a state in which patients who have left HAART for various reasons (e.g., regimen complexity, drug toxicity, development of resistance) can recover with the assistance of their clinician before initiating another round of HAART. All newly detected HIV patients enter the holding state at a constant HIV screening rate, although patients on HAART return to the holding state at a rate that depends on their level of adherence as well as on their strain of infection (sensitive or resistant). Consistent with the literature, we assume that acquired drug resistance emerges among drugsensitive patients receiving HAART at rates that depend on their level of adherence (6, 16) . We assume that among HAART users, new resistant cases are detected immediately and these patients are returned to the holding state for evaluation, after which a new round of HAART can begin.
In the absence of screening for adherence, all patients in the holding state enter HAART at a constant rate. Because primary drug resistance has been observed to revert to drug sensitivity in the absence of therapeutic pressure (2,17), we allow for the possibility that untreated drug-resistant HIV patients may become drug sensitive. We assume that the average incubation time for an infected individual depends on the dominant strain of HIV in his blood, his treatment status, and if on HAART, his true adherence status. In addition to progression to AIDS, men in our model can exit the population for non-HIV/AIDS-related causes.
As stated in the introduction, clinician behavior is incorporated in our model through a parameter reflecting accuracy when screening for adherence. Treating the evaluation of adherence in a manner akin to standard diagnostic testing, we define screening sensitivity as the probability that a clinician correctly identifies a patient as adherent given that the patient actually adheres to a prescribed HAART regimen and screening specificity as the probability that a clinician correctly identifies a patient as nonadherent given that the patient does not adhere to his prescribed HAART regimen. We recognize that adherence is not an "all or nothing" proposition but 
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EVALUATING THE IMPACT OF SCREENING FOR ADHERENCE
We evaluate the population impact of screening for adherence by contrasting two scenarios, one where physicians screen patients in the holding state for adherence before initiating HAART and treat only those patients deemed to be adherent and the other where all patients receive HAART (and no attempt is made to screen for adherence). Using our model, we estimate the cumulative number of drug-resistant cases prevented, cumulative number of HIV infections prevented, and cumulative number of AIDS cases averted over time on account of screening for adherence. We repeat these comparisons for possible screening accuracies ranging from 50% to 100% and for true population adherence levels ranging from 0% to 100%. We have selected 50% as a lower limit for screening accuracy, because in an informative screening process, physicians should not perform worse than the results one would obtain from coin tossing. In this manner, we are able to estimate the number of resistant infections, total infections, and AIDS cases averted by screening for adherence as a function of physician screening accuracy and the true fraction of patients in the population who are adherent.
PARAMETERIZING THE MODEL
The San Francisco HIV epidemic has been studied extensively, enabling the estimation of several parameters corresponding to the epidemic in the gay community there. Blower et al. (10) accounted for the uncertainty in the remaining unknown parameters via a Latin hypercube sampling uncertainty analysis, which is a type of stratified Monte Carlo sampling. To establish a range of predictions for the San Francisco epidemic, these investigators assigned probability distributions over unknown parameters. Based on these probability distributions, we derived average parameter estimates for use in our study. The parameter values employed appear in Table 1 .
The effect of adherence on the effectiveness of HAART is reflected in differential AIDS progression rates, viral mutation rates, and rates of withdrawal from treatment for adherent and nonadherent patients. Current clinical research suggests that the risk of developing drug resistance, progressing to AIDS, or withdrawing from therapy is higher for nonadherent individuals. Our parameter choices reflect these beliefs. Similar to Zaric et al. (9), we assume that nonadherent patients progress to AIDS at a rate that is 50% higher than that of adherent patients, develop drug resistance at 10 times the rate of adherent patients, and withdraw from therapy at a rate that is 3.5 times higher than their adherent counterparts. Recent epidemiologic studies have reported that approximately 60% of current HAART users adhere to their drug regimen (18) (19) (20) (21) . As explained in the appendix, joining this observation with our assumed adherence differentials and the mean parameter values from Blower et al.'s study (10) enables estimates of the mean incubation time, emergence rate of resistant virus, and rate of withdrawal from therapy for treated adherent/drug-sensitive cases, nonadherent/drug-sensitive cases, adherent/drugresistant cases, and nonadherent/drug-resistant cases, respectively. The numeric values employed are summarized in the Appendix. Figure 2A shows the time trajectory of cumulative drug-resistant cases for a population where 50% of newly treated patients truly adhere to HAART. The figure reports model-derived results in the absence of screening for adherence as well as when screening with accuracies of 50%, 75%, and 100% is employed. Screening for adherence effectively reduces the rate at which cumulative drug-resistant cases emerge over a 20-year time horizon. Figure 2B suggests that the total number of drug-resistant cases averted over 20 years via screening for adherence declines with the true level of adherence in the population.
RESULTS
Again, assuming that 50% of newly treated patients are truly adherent, our model suggests that cumulative HIV and AIDS cases increase over time at a slower rate when HAART is employed than without HAART, irrespective of the accuracy of screening for adherence (Figs. 3A, 3C ). When clinicians screen for adherence, however, screening inaccuracy significantly reduces the preventive effectiveness of HAART. In fact, Figures 3A and 3C show that even with perfect screening accuracy, cumulative new HIV infections always remain greater than without screening. Although screening with perfect accuracy reduces total AIDS cases averted over 20 years, the cumulative number of AIDS cases in the absence of screening remains lower for most of the 20 years.
Moreover, as clinicians' screening accuracy drops from 100% to 50%, the growth in cumulative HIV and AIDS cases increases significantly. Figures 3B and 3D reinforce this result by showing the total number of HIV and AIDS cases averted by either screening or not screening before prescribing HAART relative to not offering HAART at all over 20 years as a function of the level of adherence among newly treated patients and clinicians' screening accuracy. Simply treating all patients with HAART without screening for adherence always averts more HIV and AIDS cases than screening with low or medium accuracy. Assuming that clinicians are perfect screeners, it also seems that screening for adherence effectively prevents AIDS cases only if the true level of adherence in the population exceeds 50% (see Fig. 3D ). In that same figure, note that screening becomes less effective at preventing AIDS cases as the proportion of patients truly adherent declines.
These results suggest that screening for adherence is not always beneficial in terms of averting drug-resistant cases, new HIV infections, or AIDS cases. To show this, we have estimated the threshold screening accuracy required to reduce the number of HIV, AIDS, or drugresistant HIV cases over 20 years when screening for adherence is employed (in comparison to simply treating everyone) for a given level of adherence in the patient population. Figure 4 reports these threshold accuracies as functions of true adherence levels in the patient population. These curves elegantly summarize feasibility regions for adherence screening with respect to each of the three epidemiologic measures we have considered. For whichever of our three measures is of interest, at a given true level of adherence in the patient population, screening for adherence is only justified if the screening accuracy that could be achieved by physicians exceeds the value reported by the threshold curve for the corresponding epidemiologic measure. For instance, if 50% of newly treated patients would truly adhere to HAART, a screening accuracy of only 20% would serve to avert drug-resistant cases under the assumptions we have made thus far (see "Adherence favorable drug resistance" curve in Fig. 4 ). Coin tossing would be more than sufficient to achieve this level of accuracy. To avert AIDS cases under the same assumptions, however, screening for adherence would have to be at least 90% accurate (see "Adherence favorable AIDS" curve in Fig. 4) .
To further investigate the notion of threshold accuracies, we created two additional scenarios termed "Adherence strongly favorable" (which magnifies the benefits of adherence over nonadherence) and "Adherence weakly favorable" (which diminishes the benefits of adherence over nonadherence). Although the precise positioning of the threshold curves shifts, the qualitative properties of these curves are similar. It is clear that the accuracy thresholds are different depending on whether one is interested in preventing drug-resistant cases, AIDS cases, or HIV cases. Preventing drug-resistant infections over 20 years can be accomplished with rather inaccurate screening (accuracies of 50% or less, which again could be achieved via coin tossing), although preventing AIDS cases requires much greater accuracy over the same time period (accuracies of at least 80%). Moreover, for all the scenarios we considered, it seems that HAART with adherence screening is never as effective as simply always administering HAART in preventing HIV infections, even if screening is perfectly accurate.
To further assess the preventive effectiveness of perfect screening for adherence in our "Adherence favorable" scenario, we estimated the time required for the cumulative number of new HIV infections, AIDS cases, or drug-resistant infections to drop below the cumulative number of cases that would have occurred had all patients received HAART (i.e., in the absence of screening) as a function of the true level of adherence in the population. The results are shown in Figure 5 . Although per-fect screening presents immediate benefits in the prevention of drug resistance, the time until new HIV infections or AIDS cases are actually prevented increases drastically as the true level of adherence in the population declines. For example, if only 25% of newly treated patients adhere to HAART, it could take up to 25 years before the cumulative number of AIDS cases associated with perfect screening is lower than the cumulative number of AIDS cases in the absence of screening. Moreover, it seems that HIV prevention benefits might never materialize, in that the model suggests that a century would pass before the cumulative number of new HIV infections with perfect screening is surpassed by the cumulative number of new HIV infections in the absence of screening for adherence.
DISCUSSION
Our simulations suggest that the epidemiologic benefits of screening HIV patients for adherence to HAART vary dramatically depending on whether one is interested in reducing the emergence of drug resistance, the incidence of HIV, or the occurrence of AIDS. Our model suggests that the preventive benefits from screening depend heavily on the actual proportion of patients who would truly adhere to HAART. Although reducing the number of drug-resistant HIV infections over 20 years could be achieved with relatively low screening accuracy, the threshold screening accuracy for preventing AIDS cases is quite high at all levels of adherence in the population. The threshold accuracy required to prevent HIV cases is prohibitively high across all scenarios considered. Even perfect screening accuracy would lead to more AIDS cases and HIV infections than no screening over time periods of 20 years and beyond.
What explains these results? Focusing on Figure 4 , consider first the goal of avoiding drug resistance. Treating adherent patients increases the likelihood that resistant virus will emerge by a small amount, although treating nonadherent patients greatly increases the emergence of drug-resistant virus. Whether a patient would adhere to therapy or not, withholding treatment does not contribute to the emergence of resistance. If all patients are treated, resistant virus emerges at some average rate in the population depending on the true level of patient adherence. Screening for adherence may result in withholding therapy from those thought to be unable to adhere, which explains why even screening at low levels of accuracy seems attractive at all (relative to the strategy of always offering treatment). The greater the advantage of adherence over nonadherence with respect to the emergence of resistant virus, however, the more serious are the consequences of screening errors. Thus, the accuracy threshold beyond which screening is sensible is most stringent for the "Adherence strongly favorable" scenario, least stringent for the "Adherence weakly stringent" scenario, and intermediate for the "Adherence favorable" scenario. Note that in the extreme, if the goal of AIDS care was simply to prevent the emergence of drug resistance, HAART would never be offered. Now focus on the goal of preventing AIDS cases. Whether adherent or not and whether infected with drugsensitive or drug-resistant virus, HAART, on average, does slow progression to AIDS. Although adherent patients fare better than nonadherent patients, nonadherent treated patients fare slightly better than untreated patients. Again, viewing screening for adherence as a mechanism for withholding therapy, at the population level, it now becomes crucial for screening decisions to be accurate. If therapy is withheld from nonadherent patients, it must be that therapy is offered to adherent patients so that, on balance, progression to AIDS in the population is reduced. This, however, requires accurate screening. If the differential between adherent and nonadherent patients is not that great (as in the "Adherence weakly favorable AIDS" scenario in Fig. 4 ), withholding therapy from adherent patients is less costly than if there are major benefits from adherence (as in the "Adherence strongly favorable AIDS" scenario). This explains why the screening threshold is more stringent for the latter scenario than for the former when preventing AIDS cases is the goal.
It therefore seems that from the perspective of HIV and AIDS prevention, screening for adherence, even if useful for individual patients, is difficult to justify. The potential effectiveness of HAART as an HIV and AIDS preventive measure could seriously be compromised by such a practice. We have argued that if the screening process is noninformative, as was apparently the case in the study of Paterson et al. (15) , screening for adherence is similar to a method of randomly selecting patients to receive treatment. Even with an informative screening process, however, reducing the emergence and transmission of resistant virus may, paradoxically, be outweighed by increases in the number of HIV and AIDS cases over time.
Clearly, if screening for adherence is to be pursued, it is important to develop highly accurate screening methods. Unfortunately, there has been little attention devoted to the public health consequences of screening for adherence. What is truly needed, however, are the commitment and resources to develop the infrastructure necessary to support better adherence among all patients. Because adherence to HAART is the responsibility of both clinicians and patients, improving adherence should be facilitated by patient-focused and provider-based interventions (22) . Developing individualized effective adherence and treatment plans de-emphasizes predicting nonadherent behavior in favor of maximizing the benefits of treatment. We believe this strikes a better balance between concerns regarding the emergence of drug resistance, overall rates of HIV and AIDS in the population, and patients' rights to HAART.
APPENDIX
Based on our assumption of symmetric accuracy when screening for adherence, only patients who screen "positive for adherence" receive treatment. Patients in the holding state are screened for adherence at rate ⍀. Thus, patients in the holding state either proceed to HAART and adhere (with rate ⍀p␣) or proceed to HAART but do not adhere (with rate ⍀(1 − p)(1 -␣)), where p is the true level of adherence in the holding state patient population, and ␣ is the accuracy of screening for adherence. We assume that whenever a patient enters the holding state, whatever clinician/patient interactions take place lead a patient to adhere with probability p.
For susceptible men, the probability of becoming infected with HIV per sexual partner for drug-sensitive and drug-resistant strains at time t is given by:
is the size of the population at time t, and k S is a propagation factor that modulates the probability that a drug-resistant HIV-infected person transmits a drug-sensitive strain of the virus to his sexual partner as employed by Blower et al. (10) . The B's are HIV transmission probabilities that depend on the treatment status and viral strain of the infected individual. Table 1 summarizes parameter values for the "Adherence favorable," "Adherence weakly favorable," and "Adherence strongly favorable" scenarios described in the text. To obtain these parameter estimates, we employed published estimates of progression rates, mutation rates, rates of withdrawal from therapy, and the proportion of currently treated patients believed to adhere to HAART (60%). Consider the rate of progressing from HIV to AIDS for those infected with the sensitive strain of the virus. Defining as the progression rate penalty associated with nonadherence to HAART, the following equation determines the progression rate, ␥ S A , for adherent patients infected with the drugsensitive strain: 0.6␥ S A + 0.4␥ S NA = 0.6␥ S A + 0.4 ‫ן‬ ‫ן‬ ␥ S A = 0.037 where 0.037 per year is the mean progression rate for drug-sensitive patients on HAART obtained from the probability distribution described by Blower and colleagues (10) . The progression rate for nonadherent HAART patients infected with the sensitive strain, ␥ S NA , is then set equal to × ␥ S A . Given the value of and similar mean parameter values for drug-resistant mutation rates and rates of withdrawal from therapy as taken from Blower and colleagues' probability distributions (10), the estimates summarized in Table 1 are easily obtained from formulas that correspond to that described previously. The penalty parameters ('s) used to derive these different scenarios are similar to values suggested by Zaric et al. (9) and are shown in Table 3 .
We also model scenarios where all patients receive HAART in the absence of screening for adherence and scenarios where no therapy is offered. When HAART is offered in the absence of screening for adherence, the model is modified by interpreting the parameter ⍀ as the per patient rate at which individuals leave the holding state and enter therapy (or equivalently, all screening decisions would lead to treatment). Any patient newly receiving therapy adheres to HAART with probability p and fails to adhere with probability 1 − p. When no therapy is offered, the parameter ⍀ is simply set equal to zero, which implies that the state variables Z S A (t), Z S NA (t), Z R A (t), and Z R NA (t) which keep track of the number of treated individuals, equal zero as well. 
